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Abstract 
 
Introduction: Magnetic Resonance Imaging (MRI) has the potential to aid in 
determining the presence and extent of cracks/fractures in teeth due to more 
advantageous contrast, without ionizing radiation. An MRI technique called Sweep 
Imaging with Fourier Transform (SWIFT) has overcome many of the inherent difficulties 
of conventional MRI with detecting fast-relaxing signals from densely mineralized dental 
tissues. The objectives of this in vitro investigation were to develop MRI criteria for root 
crack/fracture identification in teeth and to establish intra- and inter-rater reliabilities and 
corresponding sensitivity and specificity values for the detection of tooth-root 
cracks/fractures in SWIFT MRI and limited field of view (FOV) CBCT.  
 
Materials and Methods: MRI-based criteria for crack/fracture appearance was 
developed by an MRI physicist and 6 dentists, including 3 endodontists and 1 Oral and 
Maxillofacial (OMF) radiologist. Twenty-nine human adult teeth previously extracted 
following clinical diagnosis by a board-certified endodontist of a root crack/fracture were 
frequency-matched to 29 non-cracked controls. Crack/fracture status confirmation was 
performed with magnified visual inspection, transillumination and vital staining. Samples 
were scanned with two 3D imaging modalities: 1) SWIFT MRI (10 teeth/scan) via a 
custom oral radiofrequency (RF) coil and a 90cm, 4-T magnet; 2) Limited FOV CBCT (1 
tooth/scan) via a Carestream (CS) 9000 (Rochester, NY). Following a training period, a 
blinded 4-member panel (3 endodontists, 1 OMF radiologist) evaluated the images with a 
proportion randomly re-tested to establish intra-rater reliability. Overall observer 
agreement was measured using Cohen’s kappa and levels of agreement judged using the 
criteria of Landis and Koch. Sensitivity and specificity were computed with 95% 
confidence interval (CI); statistical significance was set at a£0.05.  
 
Results: MRI-based crack/fracture criteria were defined as 1-2 sharply-delineated, high-
signal (bright/white) line shape(s) that must be visible on multiple contiguous image 
slices. The line shape(s) must present as: single entities, or parallel pairs in close 
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proximity, or pairs in close proximity exhibiting convergence or divergence extending 
from the external boundary of the tooth to the pulpal cavity. Intra-rater reliability for MRI 
was fair-to-almost perfect (κ=0.38-1.00) and for CBCT was moderate-to-almost perfect 
(κ=0.66-1.00). Inter-rater reliability for MRI was fair (κ=0.21; 95%CI:0.10-0.31; p< 
0.001) and for CBCT was moderate (κ=0.45; 95%CI:0.34-0.56; p<0.001). Sensitivity: 
MRI=0.59 (95% CI:0.39-0.76; p=0.46); CBCT=0.59 (95% CI:0.59-0.76; p=0.46). 
Specificity: MRI=0.83 (95% CI:0.64-0.94; p<0.01); CBCT=0.90 (95% CI:0.73-0.98; 
p<0.01). 
 
Conclusions: Education and training for both imaging modalities is needed to improve 
reliabilities for the identification of tooth-root crack/fractures. Despite the advantages of 
increased contrast and absence of artifact from radio-dense materials in MRI, comparable 
measures of sensitivity and specificity (in relation to CBCT) suggest quality MRI 
improvements are needed, specifically in image acquisition and post-processing 
parameters. Given the early stage of technology development and multiple available 
pathways to optimize MR imaging of teeth, there may be a use for SWIFT MRI in 
detecting cracks and fractures in teeth. 
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INTRODUCTION 
 Cracks and fractures in teeth can pose a diagnostic dilemma and if undetected can 
result in pulpal pathology and clinical signs and symptoms that often require surgical 
intervention (1). The presences of such physical discontinuities in the external tooth 
surface considerably shortens the time interval necessary for the usual irritants, such as 
saliva, bacteria, and chemical substances to reach and affect the pulp. The closer cracks 
are to the pulp, the poorer the prognosis (2). The presence, location, and extent of a crack 
or fracture is thought to have a direct influence upon tooth survival; therefore, correctly 
identifying whether one is present or not is needed for prognostication (3). The American 
Association of Endodontists (AAE) Colleagues for Excellence document (2008) states 
“Lack of knowledge concerning the type, characterization and variety of fractures may 
lead to misunderstanding with incorrect diagnosis and inappropriate treatment” (4). 
Further, the AAE calls for more research in this area (5), as significantly, patients need to 
be “fully informed” in cases where “the prognosis is questionable” due to cracks (4).  
Figure 1. Example of a vertical root fracture (VRF) in a previously root canal treated, 
adult mandibular second molar. 
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 Visual approaches (inspection via vital staining, magnification and 
transillumination) are limited in their ability to determine crack and fracture extension 
apical to restorations or gingival attachment (6) while definitive diagnosis can only be 
determined at the time of surgical exposure and direct visualization (7–9); therefore, 
unnecessary invasive surgical exposure and/or extraction are often completed due to lack 
of definitive pre-operative diagnosis (1).  
 Ionizing radiation-based imaging modalities, such as traditional two dimensional 
(2D) radiography, can aid in diagnosis but will only reveal root cracks or fractures when 
a fractured segment has significant displacement (10) and the X-ray beam is positioned 
parallel to the discontinuity (11,12). As a result, emerging three-dimensional (3D) 
imaging modalities, such as limited field of view (FOV) cone beam computed 
tomography (CBCT), have been proposed as an aid to crack and fracture detection (13). 
However, the results have been variable and these x-ray-based techniques require higher 
resolution for diagnosis, leading to an increase in both scan times and radiation dose (14). 
The most recent American Academy of Oral & Maxillofacial Radiology (AOMR) 
recommendation guidelines on CBCT use in endodontics adheres to “as low as 
reasonably achievable” (ALARA) principles, advocating its judicious use by clinicians 
who must weigh the benefit of additional diagnostic information versus the risk of 
ionizing radiation. Consideration must be given to the overall radiation dose over time 
and the increased dosages of 3D imaging over traditional 2D film and digital radiography 
(15). 
 While increased sensitivity and specificity values have been reported with limited 
FOV CBCT (16), detection has proven unreliable and appears dependent both on fracture 
width and completeness (17). A recent survey of AAE members demonstrated criticisms 
from respondents in regards to limitations of CBCT to include low resolution and/or the 
questionable diagnosis of cracks and root fractures (18). Therefore, Magnetic Resonance 
Imaging (MRI) may be an alternative diagnostic imaging method for determining the 
presence and extent of root cracks and fractures, due to more advantageous contrast, 
acquisition of a three-dimensional data set, inclusion of useable information about the 
soft tissues, and avoidance of ionizing radiation (19).  
  3 
 The source of a Magnetic Resonance (MR) signal in clinical scanners are the 
protons located in water molecules. Densely calcified enamel and dentin have relatively 
low amounts of water when compared to other structures within the human body, 
resulting in small amounts of MR signal coming from these tissues. Furthermore, the 
crystalline structure of these densely calcified tissues constrains the movement of water 
molecules, which decreases the proton relaxation time and shortens the time available to 
detect the MRI signal. When a tooth has a crack or fracture, a twofold effect occurs; a) 
more water is present in this discontinuity of tooth structure (i.e. more signal) and b) the 
water is less restricted within (i.e. longer time to detect signal) (19). Due to this 
significant increase in signal with cracks or fractures with maintenance of an acceptable 
contrast to noise ratio, even a narrow gap in tooth structure smaller than the size of an 
image voxel can cause an observable intensity contrast, a phenomenon referred to as 
partial volume effect (20). Thus, the voxels in the area of a crack need only gain a small 
amount of signal to appear bright and therefore be identified visually in the resultant 
image amongst a very low signal (a.k.a. dark) aspect of the densely calcified tissues. This 
characteristic, which is advantageous with MRI, is one of the limitations experienced 
with x-ray based imaging techniques. The contrast is low when using ionizing radiation 
because little relative change occurs in the mineral concentration within a cracked or 
fractured tooth. Consequently, when using X-ray based imaging, voxel sizes comparable 
with crack thickness are required to detect a tooth discontinuity, which translates to only 
the detection of larger cracks and fractures imaged with CBCT (11).  
 Given that i) the location of cracks/fractures can have a significant impact on 
prognosis of teeth ii) challenges remain in determining the presence of cracks/fractures in 
teeth with x-ray-based imaging systems, iii) avoidance of ionizing radiation is preferred 
in imaging tasks, iv) MRI techniques have inherent advantages in relation to x-ray based 
systems, and v) recent advancements in MRI technology have increased image quality at 
clinically relevant scan times suitable for dental applications (21,22); the objectives of 
this study were to develop MRI criteria for root crack/fracture identification in human 
teeth, measure intra- and inter-rater reliability for crack/fracture detection using SWIFT 
MRI and limited FOV CBCT, and to determine the sensitivity and specificity of MRI and 
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CBCT for the detection of tooth-root cracks/fractures when compared to known 
crack/fracture status. 
   
LITERATURE REVIEW 
 
Clinical Significance: Cracks and Fractures  
 Tooth fracture has been reported as the third most common cause of tooth loss 
after only dental caries and periodontal disease (23,24). The clinical suspicion and/or 
definitive diagnosis of cracks and fractures is also increasing, due in part to improved 
awareness of the phenomenon but perhaps most notably, people are retaining teeth longer 
as life expectancy has increased. As a byproduct of this rapidly increasing dentition age, a 
higher cumulative lifetime history of complex restorative and endodontic procedures is 
likely to result, pre-disposing teeth to higher crack susceptibility. Teeth will often present 
with one or both marginal ridges restored leading to a significantly higher prevalence of 
cracked tooth signs and symptoms due to loss of marginal ridge(s) (25,26).  
 In addition to dental procedures, between 5-25% of children and adults are 
estimated to have some level of destructive parafunctional habit(s) such as bruxism, 
causing accelerated dental attrition, especially in females and those patients of younger 
age (27–29). A range of epidemiologic studies have demonstrated that the majority of the 
population (85-90%) will have a degree of bruxism at some point in their life time (30–
32) and as a destructive dental functional disorder, it can predispose a tooth to various 
cracks and fractures that can reduce clinical prognosis (33).  
 Incomplete longitudinal tooth fractures can pose a diagnostic dilemma to the 
clinician and if undetected can result in pulpal pathosis and clinical signs and symptoms 
that often require invasive surgical intervention for diagnosis and treatment. These 
longitudinal fractures imply a vertical component with a change over time (34), and are 
primarily the result of continuous occlusal forces and dental procedures rather than 
immediate fracture induction as in dental trauma (35) – which is not the focus of the 
present study. The signs, symptoms and radiographic appearance of cracks and fractures 
will often mimic marginal periodontal bone loss or apical periodontitis with features such 
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as a “halo”-type radiographic lesion or as narrow, deep periodontal probings. Arriving at 
a definitive diagnosis of crack and/or fracture on the basis of such signs and symptoms – 
limited by their highly subjective determination – can be problematic (36,37).  
 Discontinuities in mineralized tooth structure act as a conduit and may shorten the 
time interval necessary for the usual oral irritants, such as salivary components, bacteria, 
and chemical substances to reach and affect the vital dental pulp. Studies have 
demonstrated that cracks always contain bacterial biofilm colonization (38,39), 
presenting as a continual presence of pathogens. Technically proficient and initially 
successfully endodontic treatment can be liable to re-infection due to the lack of adequate 
seal around a crack or fracture, resulting in continual microleakage that can lead to 
unfavorable prognosis with possible post-operative complications (40). When the crack 
or fracture extends into or near the periodontal apparatus, extensive periodontal (41) 
and/or periapical bone loss may occur, ultimately leading to consideration of extraction 
as the most suitable treatment option (3). 
 The clinical significance regarding cracks and fractures in teeth is centered on 
those that enter the root but cannot be visualized in the absence of invasive measures 
such as initiating non-surgical endodontic access under magnification or via surgical 
access and visualization through incision and full-thickness muco-periosteal flap 
reflection, regardless of preoperative pulpal diagnosis (7,8). Root canal treatment can be 
considered as an important last treatment option in attempts to save cracked teeth. 
However, endodontic treatment is not without significant expense in terms of time and 
monetary costs and few studies have analyzed endodontic outcomes of cracked teeth with 
a near complete lack of studies with a longer term follow up (>2yrs) (42).  
 The location and extent of a crack may have a direct influence upon the prognosis 
for a given tooth; therefore possible cracks must be identified prior to dental treatment 
(3). Cracks that are found to progress into the pulpal chamber can significantly lower 
overall prognosis (43,44). The AAE Colleagues for Excellence document (2008) states 
“Lack of knowledge concerning the type, characterization and variety of fractures may 
lead to misunderstanding with incorrect diagnosis and inappropriate treatment.” 
Therefore, clinical dentistry is in need of a non-invasive, efficient and accurate diagnostic 
  6 
method to better evaluate radicular fracture pathosis in attempts to establish a more 
predictable dental prognosis. If definitive crack or fracture detection could be completed 
earlier, at the time of initiation, existing timely interventions could be employed (45–47) 
or prospective techniques developed (48,49) to prevent the imminent propagation that 
may lead to early tooth loss. Furthermore, non-invasive and accurate early identification 
of cracks and fractures within teeth may mitigate the need for exploratory surgery and 
prevent the impending loss of supporting periodontal bone that is associated with 
identification further along in the pathological process. 
 
Definition and Classification: Cracks and Fractures  
 The American Association of Endodontists (AAE) categorizes cracks and 
fractures into 5 types with regards to longitudinal orientation: craze lines, fractured cusp, 
cracked tooth, split tooth, and vertical root fracture (VRF) (4). 
 The initiation site of a physical discontinuity in tooth structure is either the crown 
or the root. Regardless, longitudinal fractures are generally classified in order of severity, 
progressing from least to most severe: 1) craze lines, 2) fractured cusp, 3) cracked tooth, 
4) split tooth, and 5) vertical root fracture (4,50–53). The term “crack” is used to describe 
an incomplete propagation of a physical discontinuity that initiates in the crown via craze 
line or enamel infraction and may progress to fractured cusp, cracked tooth or split tooth 
with eventual propagation to the root surface in a coronal-apical direction. The ‘cracked 
tooth’ is typically found to have subgingival crack extension in a mesio-distal direction, 
complicating future endodontic and prosthodontic care (26,41).  
 The term “fracture” can be used to describe an incomplete or complete separation 
of the material in question and is confined to the root with propagation occurring at any 
level (54). Tooth fractures are most commonly described as vertical root fractures 
(VRFs), further defined as a longitudinal fracture of the root, complete or incomplete 
initiated at any level, usually directed buccal-lingually and are almost entirely the result 
of prior endodontic treatment (55–58) rather than spontaneous fracture (59). While 
treatment of vertical root fractures is usually straightforward, it is the initial diagnosis that 
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is evasive to the clinician due to difficulty in detection, mainly due to their existence 
within the periodontium and in part because they may bear similarity to other conditions 
radiographically (8). Improper detection or knowledge of the extent can directly impact 
short and long-term clinical outcomes. 
 Technically, a physical separation in tooth structure could encompass both tooth 
cracks and tooth fracture definitions commonly described throughout endodontic 
literature. For the purposes of this study, our intention was to evaluate clinically relevant 
pathologic separation in tooth structure, a crack and/or fracture that would significantly 
lower overall tooth prognosis – those with radicular propagation that are subgingival and 
therefore not readily discernable by currently available clinical and diagnostic imaging 
modalities. The ability to accurately detect such instances would allow diagnosticians and 
clinicians to make educated decisions on whether preservation or extraction is advised. 
To allow consistency and clarity, tooth-root cracks and/or fractures evaluated and 
described specifically in this study will be collectively characterized as “crack/fracture” 
throughout this present study.  
 
Epidemiology: Prevalence and Frequency  
 The problem of tooth crack/fracture is by no means a new phenomenon and has 
been an area of increasing importance in the field of dentistry for several decades (60). 
The presentation is not uncommon with a full-time general practitioner likely to average 
at least one case of symptomatic cracked tooth per week (25). In a clinical study 
evaluating a 6-year period, nearly 10% of patients referred for endodontic consultation or 
treatment had presence of a cracked tooth (61).  
 A general increase in prevalence of longitudinal fractures impacting dental care 
has been observed primarily due to increased tooth retention. With advanced age, teeth 
are undergoing complex dental procedures and are subjected to repeated occlusal stress. 
Teeth with restorations have been found to have a 29 times greater risk of cracks than 
those without (62) and several in vivo studies have shown previous endodontic treatment 
to be a major etiologic factor for tooth fracture (55–58). Outside of iatrogenic procedures, 
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mechanical behavior of dentin itself has also been shown to change with age. Notable 
decreases in the maximum flexure strength and energy to fracture indicate that dentin 
becomes more brittle with age (63). However, older age (>40yrs of age) and presence of 
past history of operative, endodontic, or prosthodontic treatment are not requirements for 
increased incidence (64). In addition to decreased rate of dental extraction are the 
improvements in areas of clinical awareness and diagnosis that include physical 
procedures enhancing visualization or dental imaging modalities (51). It must be 
acknowledged that there is a lack of quality epidemiology research studies regarding 
cracks and fractures in teeth. Recently, the AAE has established a special committee to 
help facilitate further emphasis and to aid in research design in this under-reported area 
(5). The subject has continually been identified as a top research priority by the AAE 
foundation (65). 
  
Detection: Cracks and Fractures  
Visual – Direct Observation 
 Clinically, a patient’s signs, symptoms and radiographic appearance of 
cracks/fractures will often mimic marginal periodontal bone loss or apical periodontitis 
with radiographic features such as a “halo”-type lesion or narrow, deep periodontal 
probings that can create difficulties in obtaining definitive diagnoses (36,37). These 
clinical diagnostic aids can usually suffice in diagnosis of complete longitudinal fractures 
of the crown or root. However, more challenging diagnostic situations present when there 
is high suspicion of an incomplete fracture (41) or vertical root fracture (VRF) (1). 
Periapical sensibility tests may not elicit pain if the pulp is vital, as the crack/fracture may 
have only early, sub-clinical propagation. If the direction of the percussion test creates 
separation of the crack and the periodontal ligament is stimulated, then pain may result 
and diagnosis achieved more readily(35).  
 Visual inspection for cracks/fractures with a dental operating microscope alone, 
even with 35x magnification, have been reported to yield lower than expected sensitivity, 
specificity, and accuracy levels (66). Other enhanced clinical inspection methods revolve 
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around techniques used to amplify or clarify visual representation such as vital staining 
via methylene blue and direct light source transillumination (26), with a higher detection 
achieved when both methods are employed for detection of apical root cracks (67). If a 
crack is present, the air space will re-direct light and the tooth structure past the crack 
will appear dark (4). Occasionally, restorations may warrant removal and in some cases 
an invasive access cavity is needed for full evaluation of the crack extension into the pulp 
chamber via direct visualization with a dental operating microscope.  
 Simple clinical diagnostic aids are unreliable when coronal cracks extend below 
the gingival attachment apparatus, into radicular dentin, and are nearly impossible when 
apical-coronal fracture extension terminates prior to the gingival attachment as in the 
presence of VRFs. To date, direct visualization of the root and crack/fracture via invasive 
surgical flap exposure is the only definitive method for evaluating extent and presence or 
absence (1,7–9).  
 
Imaging – Indirect Observation 
2D Imaging  
 A review of classic and modern literature concludes that conventional imaging 
certainly has limitations (7–9). Tamse et al. described the typical radiographic appearance 
of the resulting bone loss after crack/fracture progression around mesial roots of 
mandibular molars with vertical root fracture as “halo”- or “periodontal”-type 
radiolucencies but maintains that definitive diagnosis of the actual crack/fracture can only 
be made with exploratory surgery (68). Conventional 2D radiographic imaging 
techniques fail in their ability to accurately visualize VRFs and incomplete cracks due to 
numerous shortcomings with a 2D projection. Detection of early incomplete cracks or 
fractures is difficult as superimposition of adjacent and overlying anatomic structures is 
often encountered. Direct alignment of the x-ray source with the plane of the fracture is 
required for optimal visualization (69), a problem compounded by the typical mesio-
distal initiation pattern observed in coronal-radicular cracks (64).  
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3D Imaging – Ionizing Radiation-Based 
 CBCT has been assessed in numerous studies for the detection of longitudinal 
cracks in teeth (70). It is currently advocated as the image modality of choice when 
clinical and 2D radiography are inconclusive in detection of VRFs due to its ability to 
study the suspected tooth and associated supporting bone in the axial plane (15). 
However, CBCT images do not usually directly visualize the cracks or fractures 
themselves but rather the end result of bone destruction and periodontal ligament space 
enlargement surrounding the crack (71,72). The AAE and AAOMR 2015 joint-position 
paper states that “CBCT should not be used routinely for endodontic diagnosis or for 
screening purposes in the absence of clinical signs and symptoms.” And further, 
“Clinicians should use CBCT only when the need for imaging cannot be met by lower-
dose two-dimensional radiography” (13,15). Given the following factors: 1) radiation 
used in medical and dental diagnostic X-ray imaging exceeds 15% of the average annual 
effective dose-equivalent of U.S. individuals from all sources, 2) health-care associated 
radiation is second only to natural background radiation exposure, 3) the highest 
manmade source of radiation exposure is dental and medical imaging, and 4) dental X-
ray imaging is subject to dental material-related artifacts; clinicians must always allow 
the patient to make an informed decision while clinically weighing the risk vs. benefit of 
this more invasive diagnostic aid (73). 
 Aside from increased radiation dosage, spatial resolution of CBCT is notably less 
than modern 2D digital receptors, 2 line pairs per millimeter (mm) vs. 7-25 line pairs per 
mm respectively. Furthermore, while 3D imaging allows visualization without 
superimposition of anatomical structures, nearly all 3D imaging modalities are liable to a 
degree of artifact (74). Beam hardening and scatter are the main artifacts present in CT 
imaging where reconstruction of a projection data set is a requirement prior to data 
volume review. Clinically, the presence of any radio-dense dental material or extra-oral 
material (high noble or noble metal alloys, amalgam, implants, silver points, and gutta-
percha) can create significant scatter artifact composed of radiopaque lines producing 
bands of light and dark streaks in image reconstruction. Beam hardening artifacts present 
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as dark streaks and bands that appear near the periphery of metallic boarders. These 
artifacts degrade overall image quality and simulate possible pathosis, conceivably 
leading to false positives (75). Attempts to decrease image artifacts associated with root 
filling materials have been successful, but frequently require clinically invasive and 
costly re-treatment procedures aimed at removal of these materials prior to scanning (76). 
 Adding to the difficulty in interpreting images with notable artifact, the presence 
of multiple restorations directly correlates with incomplete fracture incidence in the 
coronal radicular segments – leading to questionable image quality. A clinical study 
evaluating incomplete tooth fractures associated with diffuse longstanding orofacial pain 
demonstrated that 89% of the fractured teeth occurred in heavily restored teeth (77). 
Previous history of root canal treatment also compounds the diagnostic challenge. A 
clinical survey evaluating over two-thousand fractured teeth in nearly one-hundred 
patients found that the presence of obturation material is the principle clinical feature 
associated with root fracture (55). An in vivo analysis of root-filled teeth, CBCT imaging 
used for VRF detection was found to produce significant streaking artifact caused by 
radiopaque root fillings, which may mimic a crack/fracture leading to a higher false-
positive rate (lower specificity) (78).  
 Ex vivo research has demonstrated that both two-dimensional (digital periapical) 
and three-dimensional (limited FOV CBCT) X-ray based imaging are comparatively 
unreliable for detection of simulated incomplete VRFs (17). In examining the in vivo 
diagnostic accuracy of the same two modalities, there was no significant difference 
between two-dimensional imaging and CBCT in regard to sensitivity and specificity of 
vertical root fracture detection, both having comparatively poor sensitivity (0.16 and 0.27 
respectively) and comparably high specificity (0.91 and 0.83 respectively) (17,79). The 
AAOMR and AAE 2015 position statement concludes by heeding caution in 
interpretation of sensitivity, specificity, and accuracy results from studies involving the 
use of CBCT for detection of vertical root fractures as the size of fracture, presence of 
artifacts caused by radio-dense filling materials, and spatial resolution of the CBCT 
system are all dependent variables (13). 
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3D Imaging – Non-Ionizing Radiation-Based  
 Near-Infrared Range (NIR)  
 Translucency of teeth in the near-infrared range (NIR) employs Light Emitting 
Diode (LED) technology for imaging teeth via a NIR (850nm) source and an intraoral 
camera permitting a non-ionizing and safe approach to rapid dental evaluations that may 
have applications for diagnosing deep and superficial cracks (80). However, the 
technology is limited in that it will only aid in visualization of areas that the light source 
can be applied, i.e. those crack/fractures that appear supra-gingival which is not the aim 
of the present study.  
 
 Ultrasound 
 Ultrasound imaging has shown early promise detecting hard tissue discontinuities 
under existing radio-dense filling materials due to its short wavelength in hard tissue and 
resulting high resolution. The technology is based on physical acoustics producing an 
echo that is returned and registered as a linear measurement. The altered acoustics 
provided by cemental layers and other foreign restorative materials may not be easily 
accounted for and further limitations have been encountered with angle-dependence of 
signal transducer preventing decreased validity in more geometrically complex situations 
found commonly in teeth (81). Furthermore, it is similar to NIR technology in that its 
applications appear limited to supra-gingival dental tissues. 
 
 Optical Coherence Tomography (OCT)  
 Tiny object detection via OCT has led to the development of dental applications, 
to include use as a detection agent for micro-fractures, providing a potentially powerful 
noninvasive method for diagnosing cracks (82). Swept source OCT (SS-OCT) has been 
shown to obtain subsurface cross-sectional images that are more sensitive than earlier 
systems, enabling micron-level resolution (83). Imaging via optical coherence 
tomography is poorly suited for deep crack/fracture detection that specifically involves 
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the radicular tooth surface due to the limited, shallow penetrating depth of approximately 
3mm (84); therefore its use should be restricted to the coronal tooth structure.  
 
 Magnetic Resonance Imaging (MRI)  
 MRI may be an alternative diagnostic imaging method for determining the 
presence and extent of root cracks and fractures, due to more advantageous contrast, 
acquisition of a three-dimensional data set, inclusion of useable information about the 
soft tissues, and avoidance of ionizing radiation (19).  
 The source of an MR signal in clinical scanners are the protons located in water 
molecules. Densely calcified enamel and dentin have relatively low amounts of water 
when compared to other structures within the human body, resulting in small amounts of 
MRI signal coming from these tissues. Furthermore, the crystalline structure of these 
densely calcified tissues constrains the movement of water molecules, which decreases 
the proton relaxation time and shortens the time available to detect the MRI signal. When 
a tooth has a crack or fracture, a twofold effect occurs; a) more water is present in this 
discontinuity of tooth structure (i.e. more signal) and b) the water is less restricted within 
(i.e. longer time to detect signal) (19). Due to this significant increase in signal with 
cracks or fractures and acceptable contrast to noise, even a narrow gap in tooth structure 
smaller than the size of an image voxel can cause an observable intensity contrast, a 
phenomenon referred to as partial volume effect (20). Thus, the voxels in the area of a 
crack need only gain a small amount of signal to appear bright and therefore be identified 
visually in the resultant image amongst a very low signal (a.k.a. dark) aspect of the 
densely calcified tissues. This characteristic, which is advantageous with MRI, is one of 
the limitations experienced with x-ray based imaging techniques. The contrast is low 
when using ionizing radiation because little relative change occurs in the mineral 
concentration within a cracked or fractured tooth. This is why voxel sizes comparable 
with crack thickness are required to detect a tooth discontinuity when using ionizing 
radiation, which translates to only the detection of larger cracks and fractures imaged 
with CBCT (19). 
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 In addition to limitations in contrast, image artifacts from commonly 
encountered dental materials such as gold, amalgam and root filling materials that appear 
in CBCT may obscure neighboring structures, as well as cracks/fractures in a radial 
manner (6,85). These image artifacts are notably absent in MRI (86). Hence, MRI may 
have increased sensitivity to detect tooth-root cracks and fractures.  
 In the past, conventional MRI visualization of teeth has been limited by the 
inability to detect the fast decaying signals from teeth that are a direct result of the highly 
restricted molecular motion of water found in these densely mineralized tissues (86). An 
MRI technique called Sweep Imaging with Fourier Transform (SWIFT) has overcome 
many of the inherent difficulties of conventional MRI (21) with detecting fast-relaxing 
signals from densely mineralized dental tissues (22). SWIFT MRI has the ability to 
obtain isotropic resolution with minimal acoustic noise; an acoustic level so low that ear 
protection is usually not needed during scanning (87). 
 
Previous Associated Dental Research 
 The imaging component utilized in this study was based at the Center for 
Magnetic Resonance Research (CMRR) at the UMN (UMN), which has a long-standing 
interest and success in developing MRI technology. This is evidenced by the Center’s 
involvement in pioneering functional magnetic resonance imaging (fMRI) and continued 
development in the field via the Human Connectome Project 
(http://www.humanconnectomeproject.org), to highlight a couple examples. Relevant to 
the present study, researchers at the UMN previously demonstrated the ability to use 
SWIFT MRI to obtain MR signal from densely mineralized tissues (21), visualize small 
structures in teeth (accessary canals and cracks), and acquire in vivo images of teeth (88). 
This research has allowed continual improvements to this imaging technology for dental 
application with the development of an intraoral radiofrequency coil, which allows for 
higher image resolution, shorter scanning times, and capture of images of tissues that 
interest the dental professional (89). To prove the feasibility of detecting cracks in teeth, 
past research at the UMN CMRR involved acquiring SWIFT MRIs of extracted cracked 
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teeth using the same imaging parameters previously used in patient imaging to mimic “in 
vivo conditions” (intraoral coil with custom oral radiofrequency (RF) coil, field of 
view=120x120x120mm3, acquisition=3.5 minutes, band width=100kHz via 90cm, 4-T 
magnet, 0.27mm isotropic voxel size) (Figures 10a-c, Figure 12a). Imaging was 
conducted on a tooth that was extracted from a patient seeking endodontic care because it 
was deemed non-restorable due to the presence of cracks within. 
The thickness of the cracks was determined by microCT and decreased in width 
from the coronal to apical direction until transitioning to sound calcified tissue. This 
naturally provided a situation where the detectability of cracks depended on width. It was 
found that cracks of ³20 µm are reliably visible in images with contrast-to-noise ratio 
(CNR = SNR crack-SNR dentin) around 5. This was encouraging as it demonstrated 
cracks/fractures can be detected in images even though the physical thickness is about 10 
times less than the size of image voxel. In comparison, CBCT in-vitro accuracy has 
demonstrated a lower crack detection threshold, with a significant decrease in detection 
of vertical root fractures  (VRFs) £50 µm compared to those ³50 µm (17).  
 
OBJECTIVES 
 Given that i) the location of cracks/fractures can have a significant impact on 
prognosis of teeth ii) challenges remain in determining the presence of cracks/fractures in 
teeth with x-ray-based imaging systems, iii) non-ionizing imaging modalities are 
preferred over ionizing modalities for detecting abnormalities in teeth, iv) MRI 
techniques have inherent advantages in relation to x-ray based systems, and v) recent 
advancements in MRI technology have increased image quality at clinically relevant scan 
times suitable for dental applications (21,22); the following specific aims were proposed: 
 
1) Develop MRI criteria for root crack/fracture identification in human teeth, 
2) Measure intra- and inter-rater reliability for crack/fracture detection using SWIFT 
MRI and limited FOV CBCT, and  
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3) Assess the sensitivity and specificity of MRI and CBCT for the detection of tooth-
root cracks/fractures when compared to known crack/fracture status. 
 
HYPOTHESIS 
 Both SWIFT MRI and limited FOV CBCT will have substantial (κ>0.6) intra-and 
inter-rater reliability. MRI will have greater sensitivity for crack/fracture detection than 
CBCT, while CBCT will have greater specificity than MRI. 
  
MATERIALS AND METHODS 
Prior to commencement, the study protocol was approved by the Institutional 
Review Board (IRB HSC: 1601E83241; Principle Investigator: Donald Nixdorf) of 
UMN, Minneapolis, MN.  
A collaborative team of researchers assisted in the completion of the study and 
will be referenced herein via abbreviated text: (Dr. Tyler Schuurmans [TS], Resident, 
Graduate Endodontics, Division of Endodontics, UMN School of Dentistry; Dr. Donald 
Nixdorf [DN], Associate Professor, Department of Diagnostic and Biological Sciences, 
Diplomate–American Board of Orofacial Pain, UMN School of Dentistry; Dr. Alan Law 
[AL], Adjunct Associate Professor, Department of Restorative Sciences, UMN School of 
Dentistry; Dr. Brian Barsness [BB], Endodontist; Clinical Assistant Professor, 
Department of Restorative Sciences, UMN School of Dentistry; Dr. Samantha Roach 
[SR], Clinical Assistant Professor, Department of Restorative Sciences, Diplomate–
American Board of Endodontics, UMN School of Dentistry; Dr. Laurence Gaalaas [LG], 
Oral and Maxillofacial Radiologist, Clinical Assistant Professor, Diplomate–American 
Board of Oral & Maxillofacial Radiology, School of Dentistry, UMN School of 
Dentistry; Dr. Djaudat Idiyatullin [DI], Assistant Professor, Center for Magnetic 
Resonance Research, Department of Radiology, UMN; Lei Zhang [LZ], Research 
Fellow, Bio statistical Design and Analysis Center (BDAC) at the UMN’s Clinical and 
Translational Science Institute (CTSI).  
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De-identified extracted human adult teeth used throughout the training and 
calibration exercises and as control specimens in the experimental study were obtained 
from previous waste tissue generated by the UMN Oral and Maxillofacial Surgery clinic. 
De-identified extracted teeth used for the convenience sample in the experimental study 
were previously collected as de-identified waste tissue generated by an endodontist in 
private practice [AL]. All experimental teeth were extracted as atraumatically as possible 
and immediately stored in 10% neutral buffered formalin to preserve the physical 
characteristics of the teeth and to maintain moisture content. 
 
Experimental Method 
The research pertaining to this study followed Frybach & Thornbury’s 
hierarchical model of assessing new diagnostic imaging methods, a diagnostic approach 
that has the intent of providing the clearest images, allowing the most accurate diagnoses 
in a globally effective and efficient manner (73).  
The lowest level (Level 1) is the technical aspect of transmission of information – 
a description of the physical imaging process. Simply put, what can one resolve within 
dental MR imaging and what is observed when evaluating the image. Level 2, 
“diagnostic accuracy efficacy” includes both the image and the interpretation by the 
person which in this study was structured as a reiterative process that involved 
collaborative group training sessions. Level 3, “diagnostic thinking efficacy” can be 
summarized as the extent to which the image was thought to be helpful in aiding a 
clinical diagnosis – specifically presence or absence of a crack/fracture. Level 4, 
“therapeutic efficacy” describes the image helpfulness in planning the management of a 
case and potential ability for it to change the clinicians’ prospective treatment choice (73) 
– i.e. possible consideration of dental extraction.  
This study assessed the “diagnostic accuracy efficacy” of detecting the presence 
of a crack/fracture in a tooth root. The primary hierarchical aim was to address level 2 in 
assessing this new imaging modality, dental SWIFT MRI, via an ex vivo model. In 
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addition, limited consideration was given to level 4 in shaping panel members’ critical 
thinking as it applies to hypothetical clinical decision making. 
 
Training and Calibration 
Sample Selection and Preparation 
 Screening for selection of a suitable ex vivo sample to serve as a calibration 
specimen was directed at identifying a human tooth that contained a multitude of 
common dental restorative and prosthetic materials. Such a sample would represent a 
challenging real-world situation likely to confront diagnosticians due to substantial image 
artifact associated with radio-dense filling materials. In addition, a tooth containing these 
elements would also allow for calibration of rater image interpretation and provide for 
any needed adjustments of scanning and image parameters to improve future diagnostic 
quality – regardless of the presence of dental restorative or root filling materials.  
A previously extracted, de-identified and fully intact maxillary right first premolar 
with three roots was confirmed to have radicular cracks/fractures following magnified 
visual inspection with a dental operating microscope (Global SurgicalTM Corporation, St. 
Louis, MO, USA) at 10Xs magnification, transillumination and vital staining (methylene 
blue, 1% - Vista Dental Products, Racine, WI, USA) (Figures 2a,b) (Figure 3a,b).  
  
  19 
  
Figures 2a,b. Calibration Specimen: previously extracted, intact Tooth #5 with presence 
of three roots and a coronal full-coverage porcelain fused to metal (PFM) restoration. 
Inspection revealed evidence of previous NSRCT and SRCT (RER/REF).  
 
 
Figures 3a,b. Calibration Specimen: previously extracted, intact Tooth #5 with presence 
of three roots and a coronal full-coverage porcelain fused to metal (PFM) restoration. 
Inspection revealed evidence of previous NSRCT and SRCT (RER/REF). Vital staining 
(methylene blue, 1% - Vista Dental ProductsTM) was utilized to enhance visual detection 
of multiple vertical root fractures.  
 
a b 
a b 
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Filling material contents and evidence of previous non-surgical root canal 
treatment (NSRCT) and surgical root canal treatment with root end resection and root end 
filling (SRCT with RER/REF) were confirmed by 2D digital radiographic survey analysis 
(Figure 4) via an RVG 6100 Kodak sensor and software (Carestream, Rochester, NY). 
Inspection yielded multiple aspects that were considered ideal characteristics: 1) presence 
of multiple dental restorative and prosthetic materials (amalgam alloy core, porcelain 
fused to metal crown), 2) presence of multiple intracanal endodontic filling materials 
(gutta-percha, ZOE-based endodontic sealer, and a modern bio-ceramic material, grey 
mineral trioxide aggregate (GMTA ProRootTM), 3) presence of prior surgical endodontic 
treatment via apical root-end resection, root end-preparation, and root-end filling via a 
modern bio ceramic filling material (e.g. ProRootTM GMTA), 4) multiple vertical root 
fractures confirmed via visual inspection, and 5) a morphologic tooth type (maxillary 
premolar) commonly encountered when diagnosing vertical root fractures in previously 
root-canal treated teeth (90). 
Figure 4. Periapical radiograph of calibration specimen (RVG 6100 Kodak sensor and 
software (Carestream, Rochester, NY)).  
 
Tooth moisture was maintained during manual inspection by supporting the tooth 
with a 2x2cm cotton gauze saturated with tap water. After inspection, the tooth was then 
placed in a 14.8 ml (diameter: 21mm; length: 70mm) stock glass laboratory vial (Acme 
Vial & Glass Co., Inc., Paso Robles, CA, USA) in a crown-down orientation and filled 
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with tap water. 2x2cm cotton surgical gauze were then packed around the roots to secure 
the coronal-apical tooth orientation, minimize any future bodily movement and to 
maintain physiologic moisture throughout sample transport, mounting and imaging. The 
plastic vial cap was punctured to eliminate the presence of any residual trapped air 
column during cap affixation to best mimic the continually moistened physiologic oral 
environment.  
 
Imaging 
X-ray-based 
3D MicroCT (µCT) was utilized to establish crack/fracture ground truth in the 
calibration sample (44,91). MicroCT (Metrix , model XT H 225; Nikon Metrology, 
Brighton, MI) images were obtained at the UMN School of Dentistry, within the 
Minnesota Dental Research Center for Biomaterials and Biomechanics (MDRCBB) in 
one scan using 90 kV, 90µA, 708ms of exposure, 720 projections and four frames per 
projection. The resolution of the specimens after reconstruction was 7µm (Figure 5). To 
adhere to the required scanning protocol, the tooth was briefly removed from the tap 
water-filled vial to facilitate proper MicroCT scanning and afterward, immediately 
returned for storage. 
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Figure 5. Calibration specimen: selected axial image slice taken from the 3D MicroCT 
image volume with notable cracks/fractures. Image from a previously extracted, intact 
Tooth #5 with presence of three roots and a coronal full-coverage porcelain fused to 
metal (PFM) restoration. Inspection revealed evidence of previous NSRCT and SRCT 
(RER/REF). 
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3D limited FOV CBCT was used as a clinical reference standard in the study. 
CBCT images were acquired in the graduate endodontics department at the UMN School 
of Dentistry via a commercially available unit (Carestream – CS 9000, Rochester, NY). A 
custom-fabricated scanning platform was constructed via mounting a 2x4” wood board to 
the existing proprietary (CS 9300) plastic platform to facilitate consistent vial 
positioning, orientation and to reduce vial movement during scanning (Figure 6).  
 
 
Figure 6. Custom-fabricated wood scanning platform attached to the CS 9000 Limited 
FOV CBCT scanning unit.  
 
CBCT scanning parameters were determined by an experienced, board-certified 
OMF radiologist [LG] and were completed by imaging 1 tooth/scan, with a field of view 
5x3.75cm at 5mAs-1 for 10.8s and 68 kV with a nominal isotropic voxel size of 0.076 
mm. The CBCT images were optimized via the CS 9000 3D imaging v3.2.13 software 
platform (Carestream – CS 9000, Rochester, NY) (Figure 7).  
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Figure 7. Calibration specimen: selected axial image slice taken from the Limited FOV 
CBCT image volume with notable presence of metal streak artifact. Image from a 
previously extracted, intact Tooth #5 with presence of three roots and a coronal full-
coverage porcelain fused to metal (PFM) restoration. Inspection revealed evidence of 
previous NSRCT and SRCT (RER/REF).  
 
MR-based 
In the present study, MR imaging served as the experimental or test standard. 
MRIs were obtained at the Center for Magnetic Resonance Research (CMRR) at the 
UMN. All MRI experiments were performed in a 4.0-Tesla (T) 90cm bore whole-body 
human magnet system (Oxford, UK) equipped with an Agilent DirectDrive console (Palo 
Alto, CA) as outlined in previous associated research (86). The system computers were 
connected by a 10 G/s Ethernet network link allowing rapid transfer of image data to the 
data center for post-processing, analysis, and storage. The scanner was equipped with 
Siemens SC72 gradient coils with a maximum gradient 50mT/m and rise time 500 
microseconds. A custom-fabricated, single-loop, 50mm-diameter intraoral coil was used 
for radiofrequency transmission and signal reception. The RF coil had undergone prior 
testing in ex vivo and in vivo experiments (12) and was utilized for imaging the teeth in 
this study providing a field of view=120x120x120mm3 (Figure 10a-c) 
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In the SWIFT MRI sequence, (21) radiofrequency excitation was performed with 
an amplitude- and frequency-modulated pulse, commonly called the “hyperbolic secant 
pulse”, with a stretching factor of 2, a time–bandwidth product of 64, an excitation 
bandwidth of 100 kHz and flip angle (θ) of 8°. Data were collected in 64 gaps (of 7.4µs 
each) in the RF pulse and after the pulse, 192 samples were acquired without gaps. The 
repetition time, including the 0.64-ms pulse length, was 2.6ms. Data in k-space consisted 
of 64,000 spokes with termini describing the isotropically distributed points on a sphere. 
After acquiring a full set of frequency-encoded projections, 3D images were 
reconstructed with CMRRpack v. 0.45b SWIFT software (92). The gradient-echo (GRE) 
MRI acquisition used Cartesian k-space sampling with 256 readout points with 10 
microsecond (ms) dwell time and 192X192 phase encodings. Repetition time and TE 
values were 5.46 ms and 2.75 ms, respectively, and θ was 15°. The field of view for all 
MRI experiments was 12x12x12cm3 and the total acquisition time for each experiment 
was equal to 3.5 min. All MR images were reconstructed to nominal resolution with a 
0.27-mm isotropic voxel size. Throughout the training and calibration exercises, 
assumptions were made by the MRI physicist [DI] and board-certified OMF radiologist 
[LG] in development of the ideal visual MR imaging parameters (Figure 8).  
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Figure 8. Calibration specimen: selected axial image slice taken from the SWIFT MRI 
image volume with notable absence of metal streak artifact. Image from a previously 
extracted, intact Tooth #5 with presence of three roots and a coronal full-coverage 
porcelain fused to metal (PFM) restoration. Inspection revealed evidence of previous 
NSRCT and SRCT (RER/REF).  
 
Development of MRI-based Criteria 
Experimental MR images were evaluated by six dentists (experienced board-
certified or board-eligible endodontists n=3 [AL] [BB] [SR]; a board-certified OMF 
radiologist n=1 [LG]; a board-certified TMD/Orofacial Pain specialist n=1 [DN]; a 
graduate endodontic resident n=1 [TS]) and an MRI physicist [DI] in collaborative 
training sessions. MR images were simultaneously cross-compared to the corresponding 
MicroCT and limited FOV CBCT images to aid in the groups’ development of an MRI-
based criteria with regards to how cracks and/or fractures in teeth appear with this new 
dental imaging modality – Specific Aim 1 of the study. This was a reiterative process 
inclusive of three separate calibration sessions to aid in the development of this new MR-
based imaging criteria.  
Throughout the training exercises and the experimental study, raters were allowed 
to manipulate basic imaging settings e.g. scrolling through axial slice position, image 
brightness, contrast, zoom and panning adjustments – consistent with basic digital 
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radiography viewing software. Each 3D image review was standardized by restricting 
slice view and orientation entirely to the axial plane as increased sensitivity of CBCT in 
crack/fracture detection in CBCT appears to be largely due to the ability to evaluate in 
the axial plane (17,93). Following review and interpretation of the entire radicular axial 
image slices within each image set, raters were instructed to declare the presence or 
absence of a crack/fracture on a sheet of paper (dichotomous variable: crack/fracture 
present – “yes” or “no”) as the primary outcome (Specific Aim 2 and 3) of the study. 
Secondly, when a sample was designated as having a crack/fracture, the best 
representative axial slice range was recorded and a drawing corresponding to the 
observed axial root slice crack/fracture position was completed as an exploratory 
outcome.  
  To fulfill the primary objective of evaluating tooth-root cracks and fractures, prior 
to rater presentation, DICOM image stacks were cropped by a blinded operator [DN] to 
produce radicular images devoid of enamel or prosthetic crown margins. Digital image 
editing for all modalities to include cropping and image registration for image 
standardization and DICOM stack exporting were completed via the open-source 
ImageJTM v1.51f software package (National Institutes of Health, USA). Rater image 
viewing, image manipulation and interpretation were completed via Windows-based 
RadiAntTM DICOM v3.4.2.13370 viewer (64-bit) software package (Medixant, USA). 
 
Calibration Exercise 
In accordance with earlier described procedures, intact, de-identified previously 
extracted teeth underwent screening and evaluation to confirm presence of tooth-root 
crack(s)/fracture(s). Fourteen teeth were included to maximize rater exposure to the MR 
appearance of cracks/fractures for efficient image interpretation and training exercises. 
Five representative sample teeth were chosen by group consensus and MicroCT scans 
were obtained. MR image slices were simultaneously cross-compared to corresponding 
MicroCT and limited FOV CBCT axial slices and to digital high-resolution photographs 
of the external tooth surface to establish ground truth. These concurrent image 
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comparisons served to stimulate further group discussion with regards to the appearance 
of tooth-root cracks/fractures within this new dental imaging modality. For questionable 
cases where disagreement of diagnosis existed, discussion ensued to achieve a consensus 
of the criteria. Throughout this collaborative training process, the MRI-based criteria 
were altered in a reiterative process while also changing the MRI imaging pipeline in 
accordance with the expert opinion of an MRI physicist [DI] and an oral and 
maxillofacial radiologist [LG].  
MRI-based criteria were defined as 1-2 sharply-delineated, high-signal 
(bright/white) line shape(s) that must be visible on multiple contiguous axial image 
slices. The line shape(s) must present as: single entities or parallel pairs in close 
proximity, or pairs in close proximity exhibiting convergence or divergence extending 
from the external boundary of the tooth to the pulpal cavity (see Appendix I). The 
calibration sample MR, CBCT, and MicroCT images were utilized in development of 
familiarity with both the task and process prior to commencing with the experimental 
study.  
 
Experimental Study 
The development of this section was performed in conjunction with staff [LZ] from 
the Bio Statistical Design and Analysis Center (BDAC) at the UMN’s Clinical and 
Translational Science Institute (CTSI).  
 
Sample Size Determination 
The Kappa statistic was used to determine the level of agreement to assess 
reliability. A kappa of 0.50, which is considered to be moderate agreement (94), is the 
target level of agreement with the lower limit of the 95% confidence interval (CI) to be 
0.50 or greater. With half the extracted teeth with cracks and half without, a total of 32 
teeth would be needed in order to achieve 80% power with a 2-sided test, and 43 subjects 
would be needed in order to achieve 90% power with a 2-sided test (95). We set the 
acceptable lower limit of 95% CI for sensitivity at 60% and the acceptable lower limit of 
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95% CI for specificity at 80%. These values were chosen based on other limits set for 
diagnostic research that were designed to avoid unnecessary false positive rates (96). The 
tables below display a range point estimates, using a one-sided test, that take into account 
our target lower limit with a power of 0.80 (97). 
 
Table 1a: Sample size for cases based on sensitivity 
Acceptable 
Lower Limit 
Expected 
Sensitivity 
Sample Size 
Power=0.80 
 
 
0.60 
0.70 157 
0.75 71 
0.80 39 
0.85 24 
0.90 17 
0.95 10 
 
Table 1b: Sample size for controls based on 
specificity 
 
Acceptable 
Lower Limit 
Expected 
Specificity 
Sample Size 
Power=0.80 
 
0.80 
0.85 392 
0.90 95 
0.95 37 
 
 
 
If we expect the sensitivity is 0.80 and the specificity is 0.95, 40 teeth in each 
group would be ideal to have at least 80% probability for the estimated lower limit of the 
95% CI of sensitivity and specificity above; thus being the determining factor for the 
sample size for the ex vivo research.  
 
Sample Selection and Preparation 
 Over the course of normal practice, patients with teeth that are deemed to be non-
restorable following pre- and/or intra-operative diagnosis of a compromising radicular 
crack/fracture will have these teeth extracted. The diagnosis of crack and/or fracture and 
subsequent unfavorable prognosis classification are a result of a combination of 
subjective patient complaints and objective tests that involve varying degrees of 
invasiveness: periodontal examination, diagnostic imaging interpretation, removal of 
existing restorations, initiation of endodontic access, and/or surgical flap reflection (4,7–
9). Collecting experimental study material in this way best represents the clinical 
situation: the most common types of teeth presenting with cracks/fractures, occurring in 
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the most common locations, and in the absence of coronal restorative materials that make 
it more difficult to visualize cracks/fractures.  
Following the results of the training and calibration exercises, teeth previously 
diagnosed by a board-certified endodontist in private practice with 22 years of clinical 
experience [AL] as being non-restorable due to compromising cracks/fractures were 
retained as de-identified study material. Determination of crack status was made 
clinically, following the diagnostic process outlined in the American Association of 
Endodontists (AAE) (4). An experimental convenience sample of 29 human adult teeth 
confirmed post-extraction by visual inspection techniques (previously described in the 
training and calibration exercises) to have root crack(s)/fracture(s) was then frequency-
matched to a control sample of 29 de-identified extracted human teeth later confirmed to 
be free of radicular cracks and fractures. MicroCT imaging was utilized as an accepted 
gold or reference standard to assess the presence and extent of cracks/fractures in the 
calibration sample and in development of the MRI-based imaging criteria (44) but was 
unavailable for the experimental phase due to cost limitations. Following visual 
inspection, ground truth for the experimental sample was recorded in an Excel 
spreadsheet by listing tooth surface and vial specimen number. 
Control teeth were frequency matched to the experimental sample based on the 
following group-wise characteristics: morphology, history of previous NSRCT or SRCT 
(RER/REF), presence and type of definitive core restoration and/or access temporization, 
presence and type of extra coronal restoration. If previously root canal treated control 
teeth could not be located, ex vivo NSRCT and SRCT (RER/REF) were completed by a 
second-year graduate endodontic resident [TS] with six years of prior general dentistry 
experience via a benchtop preparation sequence. Teeth were held in the operator’s hand 
with a 2x2 cotton gauze moistened with tap water during the entirety of restorative and 
endodontic treatment to preserve native periodontal ligament (PDL), cementum and root 
dentine moisture.  
Sample glass vials were coded with a randomized 4-digit number and prepared as 
outlined in the training and calibration exercises to preserve coronal-apical orientation, 
limit movement during scanning and to limit air-bubble inclusion that was found to 
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produce MR and CBCT image artifact in the training and calibration sessions (Figure 9a-
c). Blinded operators ([DI]=MRI; [TS]=CBCT) completed scanning via two 3D imaging 
modalities: SWIFT MRI (10 Teeth/Scan) as the experimental – via a custom oral 
radiofrequency (RF) coil, field of view=120x120x120mm3, acquisition time=3mintues, 
band width=100kHZ via a 90cm, 4-T magnet, 0.27mm isotropic voxel size (Figure 10a-
c); and CBCT (1 tooth/scan) as the clinical reference – CBCT scanning parameters were 
determined by a board-certified OMF radiologist [LG] and were completed by imaging 1 
tooth/scan, with field of view=5cmx3.75cm, at 5mAs-1 for 10.8s and 68 kV with a 
nominal isotropic voxel size of 0.076 mm via CS 9000.  
 
Figures 9a-c. Teeth secured in water-filled glass vials via 2x2cm surgical gauze. To 
allow equal spacing on the RF coil to facilitate MR imaging, 5 vials were grouped in a 
circle and secured with tape prior to mounting to the superior and inferior surface of the 
RF coil.  
 
a 
b 
c 
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Each MRI scan included 10 vials in total: 5 superior and 5 inferior to the RF coil. 
The vials were then wrapped in a plastic bag and secured via masking tape (Figure 10a-
c). CBCT scanning included 1 vial per scan resting on the previously described custom-
fabricated scanning platform to facilitate standardized vial positioning, orientation and to 
control for vial movement during scanning (Figure 10a-c). 
 
 Figures 10a-c. Custom-built, intraoral radiofrequency (RF) providing a field of 
view=120x120x120mm3. Each grouping of glass vials (5 vials per grouping, Figure 
9a,b) was secured to the superior (5 vials) and inferior (5 vials) surfaces of the RF coil 
via tape to orient the teeth in an orthogonal position, simulating supine patient 
positioning. 
 
 
 
 
a b c 
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Figures 11a-c.  Graphics depicting the anatomic linear cropping method used to produce 
resulting axial DICOM image sets devoid of enamel or prosthetic crown margins (a,b). 
Photo depicting variation in CEJ tooth position in vial (c). Green highlighted zones 
indicating potential radicular tooth surface excluded from rater review (a-c).   
 
 
To fulfill the primary objective of the study, prior to rater presentation, DICOM 
image stacks were cropped by a blinded operator [DN] to produce tooth-root axial plane 
image stack sections devoid of enamel or prosthetic crown margins (Figure 11). Image 
adjustments and optimization were completed as outlined in the training and calibration 
exercises. In contrast to CBCT images, MR DICOM image stacks were found to have 
varying degrees of focus during training and calibration exercises. This inherent, variable 
image focus within the MR axial image stack could not be continually auto- or rater-
adjusted throughout image review due to current software limitations (Figure 13). 
Therefore, a blinded operator [DN] made a subjective determination of the best overall 
radicular image focus plane for each respective tooth image set prior to presenting to the 
raters. 
 
 
 
a b c 
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Figures 12a,b. 4.0-Tesla (T) 90cm bore whole-body human magnet system (Oxford, 
UK) equipped with an Agilent DirectDrive console (Palo Alto, CA). Graphic depicting 
coil in the occlusal (orthogonal) to the tooth long axis. 
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Figure 13. Selected axial slice of a raw SWIFT MRI prior to cropping the image to 
include only 1 tooth per image set. Note the variable focus within this image, producing 
an out-of-focus, double-line phenomenon. This phenomenon was taken into account 
when developing the MRI-based criteria for radicular crack/fracture presentation. 
 
The 29 cracked/fractured experimental samples and the 29 non-cracked/fractured 
frequency matched controls each had corresponding CBCT and MR images, totaling 116 
tooth image sets. The images were randomly batched into one list and the order of image 
presentation was further randomized with ExcelTM software (MicrosoftTM, Redmond, WA, 
USA). Images were reviewed as one-tooth per image set with 20% randomly re-tested 
throughout the same review period to establish intra-rater reliability. Inclusive of re-
tested image sets, 140 total image sets were included in the study. 
 
Data Analysis 
Four blinded examiners (experienced board-certified or board-eligible 
endodontists n=3 [AL] [BB] [SR]; board-certified OMF radiologist n=1 [LG]) evaluated 
the images in one image review session in the undergraduate radiology interpretation area 
at the UMN School of Dentistry. Dim-light conditions with absence of ambient light and 
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external noise were standardized across work-stations that included a contrast-calibrated 
19” LCD Dell P1913S flat panel monitors with a screen pixel resolution of 1440 x 900 
(Dell Inc., Round Rock, TX, USA). One monitor was strictly dedicated to image review 
while the second was used for digital file management. The review session was 
unconstrained by time, and raters were allowed as-needed, open-ended breaks to limit 
fatigue and eye strain. As in the training and calibration exercises, raters were allowed to 
manipulate basic imaging settings e.g. scrolling through axial slice position, image 
brightness, contrast, zoom and panning adjustments – via Windows-based RadiAntTM 
DICOM v3.4.2.13370 viewer (64-bit) software package (Medixant, USA).  
MRI-based criteria for tooth-root crack/fracture previously developed during the 
training and calibration exercises, and existing criteria for crack(s)/fracture(s) appearance 
in CBCT (85,98) (see Appendix I) were utilized as references available to raters during 
image review and interpretation. Following review of the entire radicular axial image 
slices within each image set, raters were instructed to declare the presence or absence of a 
crack/fracture on a sheet of paper (dichotomous variable: crack/fracture present – “yes” 
or “no”) to fulfill Specific Aims 2 and 3 of the study. Secondly, when a sample was 
designated as having a crack/fracture, the best representative axial slice range was 
recorded and a drawing corresponding to the observed axial root slice crack/fracture 
position was completed as an exploratory outcome that could be utilized in future 
research (see Appendix IV). After 10 image reviews, the rater was automatically 
prompted to verify that the preceding image numbers matched the data collection sheet 
number. Raters were then presented with specific post-test questions and a free-response 
section to gauge study set-up and design. As an exploratory outcome, following the 
official rating period, each rater was asked what 10 image-sets best demonstrated the 
ability for SWIFT MRI to detect radicular cracks and fractures. Paper was utilized during 
rater review for data recording to minimize the distraction of an additional computer 
monitor. 
Following the study, the entire data set was transferred from hard-copy rater 
sheets into an Excel document (MicrosoftTM, Redmond, WA, USA) by two independent 
persons via a double entry method to minimize the presence of in and out errors. 
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Statistical Analyses 
Statistical analyses were conducted using the Statistical Analysis System (SAS) 
system (v. 9.3; SAS institute, Cary, NC, USA) to compare the two independent imaging 
modalities, SWIFT MRI and limited FOV CBCT. The 4 examiners’ results (dichotomous 
categorical variable: crack/fracture present – “yes” or “no”) for each image set, inclusive 
of the two independent imaging modalities (CBCT and MRI) were compared to the gold 
standard (physical detection) using a two-sided chi-square test to determine the 
sensitivity and specificity of each modality in detecting crack(s)/fracture(s). As 
previously reported, the ground truth for the experimental cracked/fractured teeth sample 
included in the study was initially established through clinical diagnosis by a board-
certified private practice endodontist [AL] using AAE-based crack/fracture criteria (4). 
The ground truth for crack/fracture status was determined in the control sample 
(crack/fracture absence), and confirmed in the experimental sample (crack/fracture) by a 
second-year graduate endodontic resident [TS] via direct physical inspection as outlined 
earlier in the study. For each of the sensitivity and specificity measures, 95% confidence 
intervals (CIs) were computed. Statistical significance was set at œ≥0.05. Diagnostic 
accuracy and reliability of each examiner and each imaging system for detecting tooth-
root cracks/fractures was determined using intra- and inter-rater agreement kappa values. 
Overall observer agreement was measured using Cohen’s kappa and levels of agreement 
judged using the criteria of Landis and Koch (94).  
 
RESULTS 
Training and Calibration Exercises 
Quantitative and Qualitative Results 
No formal data analysis was performed during training and calibration exercises. 
The primary outcome of these sessions (Specific Aim 1 of the study) was the 
development of an MRI-based tooth-root crack/fracture criteria via consensus building in 
a reiterative process.  
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MRI-based Tooth-Root Crack/Fracture Criteria 
The main source of an MR signal is the protons located in water molecules (99). 
Densely calcified enamel and dentin have low amounts of water and the crystalline 
structure constrains the movement of water molecules. However, when a physical 
discontinuity of tooth structure occurs (referenced here as a crack/fracture), more water is 
present and the water is less restricted, resulting in more MR signal (19). The resultant 
sharply defined, high-signal line shape creates intense visual contrast, appearing as bright 
line shapes with three notable presentation types further explained in the criteria outlined 
below. This variation in visual MRI crack characteristics is dependent upon the degree of 
MRI focus within a sample image, an inherent variable observed in the development of 
this imaging modality. For instance, a crack/fracture present in an MRI image may 
appear both in-and-out-of-focus throughout the extent of that crack. This change in image 
focus within a reconstructed MR image of dental tissue is the product of local field 
susceptibility artifact or a change in field distribution commonly encountered when a 
variation of soft and hard tissues, including dental restorative materials are juxtaposed 
(19,86). 
The first set of MR-based criteria serves to both identify and specify the 
appearance of high-value line shapes in MRI and define the location of what constitutes a 
crack/fracture, which for the purposes of this study encompasses cracks and/or fractures 
that are present on root structure.  
Crack/Fracture Criteria:  
§ 1-2	sharply-delineated,	high-signal	(bright/white)	line	shape(s)	that	must	be	
visible	on	multiple	contiguous	axial	image	slices.		
§ The	line	shape(s)	must	present	as:	single	entities	or	parallel	pairs	in	close	
proximity,	or	pairs	in	close	proximity	exhibiting	convergence	or	divergence	
extending	from	the	external	boundary	of	the	tooth	to	the	pulpal	cavity	
Furthermore, it is important to differentiate cracks/fractures from other commonly 
encountered pathologic changes in tooth morphology that may be observed in MRI, and 
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to rule out artifact and possible false positive identification. The following entities should 
be differentiated from cracks/fractures: 
 
§ Aberrations in dental anatomy or morphology which may include 
o Accessory, lateral or secondary pulp canal(s) 
o Canal ramifications 
§ Physiologic or pathologic processes which may include 
o Root Resorption (Inflammatory, Replacement, Surface, Cervical, External, 
Internal) 
o Caries 
Experimental Study 
Quantitative Results 
The results indicate that both MRI and limited FOV CBCT imaging have 
comparably high specificity (0.83 and 0.90, respectively) and poor sensitivity (0.59 and 
0.59, respectively) (Table 2), with both modalities demonstrating similar, overlapping 
95% confidence intervals (CI) (Figures 14,15).  
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Variable Variable Statistics Sensitivity Specificity 
CBCT A Est (95% CI) 0.59 (0.39, 0.76) 0.93 (0.77, 0.99) 
  P-value    0.46   <0.01 
 B Est (95% CI) 0.55 (0.36, 0.74) 0.76 (0.56, 0.90) 
  P-value    0.71   <0.01 
 C Est (95% CI) 0.59 (0.39, 0.76) 0.79 (0.60, 0.92) 
  P-value    0.46   <0.01 
 D Est (95% CI) 0.66 (0.46, 0.82) 0.66 (0.46, 0.82) 
  P-value    0.14    0.14 
 Consensus Est (95% CI) 0.59 (0.39, 0.76) 0.90 (0.73, 0.98) 
  P-value    0.46   <0.01 
 Consensus (excl. rater A) Est (95% CI) 0.59 (0.39, 0.76) 0.79 (0.60, 0.92) 
  P-value    0.46   <0.01 
 Consensus (excl. rater B) Est (95% CI) 0.62 (0.42, 0.79) 0.90 (0.73, 0.98) 
  P-value    0.26   <0.01 
 Consensus (excl. rater C) Est (95% CI) 0.59 (0.39, 0.76) 0.79 (0.60, 0.92) 
  P-value    0.46   <0.01 
 Consensus (excl. rater D) Est (95% CI) 0.55 (0.36, 0.74) 0.90 (0.73, 0.98) 
  P-value    0.71   <0.01 
MRI A Est (95% CI) 0.62 (0.42, 0.79) 0.66 (0.46, 0.82) 
  P-value    0.26    0.14 
 B Est (95% CI) 0.55 (0.36, 0.74) 0.66 (0.46, 0.82) 
  P-value    0.71    0.14 
 C Est (95% CI) 0.55 (0.36, 0.74) 0.90 (0.73, 0.98) 
  P-value    0.71   <0.01 
 D Est (95% CI) 0.93 (0.77, 0.99) 0.14 (0.04, 0.32) 
  P-value   <0.01   <0.01 
 Consensus Est (95% CI) 0.59 (0.39, 0.76) 0.83 (0.64, 0.94) 
  P-value    0.46   <0.01 
 Consensus (excl. rater A) Est (95% CI) 0.62 (0.42, 0.79) 0.62 (0.42, 0.79) 
  P-value    0.26    0.26 
 Consensus (excl. rater B) Est (95% CI) 0.72 (0.53, 0.87) 0.66 (0.46, 0.82) 
  P-value    0.02    0.14 
 Consensus (excl. rater C) Est (95% CI) 0.72 (0.53, 0.87) 0.45 (0.26, 0.64) 
  P-value    0.02    0.71 
 Consensus (excl. rater D) Est (95% CI) 0.55 (0.36, 0.74) 0.83 (0.64, 0.94) 
  P-value    0.71   <0.01 
Table 2. Sensitivity and specificity values for individual raters, consensus as a group and 
with remove-one analysis completed for each rater.  
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Figure 14. Individual rater and consensus sensitivity values for MRI and CBCT. 
 
 
Figure 15. Individual rater and consensus specificity values for MRI and CBCT. 
 
Intra-rater reliability for MRI was fair-to-almost perfect (κ=0.38-1.00) and for CBCT was 
moderate-to-almost perfect (κ=0.66-1.00) (Table 3).  
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Measurement  Rater Kappa 95% CI P-value 
CBCT A 1.00 (perfect) (1.00, 1.00) 0.0005 
 B 0.80 (almost perfect) (0.43, 1.00) 0.0047 
 C 0.80 (almost perfect) (0.43, 1.00) 0.0047 
 D 0.66 (substantial) (0.22, 1.00) 0.0228 
MRI A 0.50 (moderate) (0.08, 0.92) 0.0455 
 B 0.38 (fair) (-0.004, 0.77) 0.0910 
 C 0.82 (almost perfect) (0.50, 1.00) 0.0038 
 D 1.00* NA NA 
Table 3. Intra-rater agreement. Kappa statistics and its 95% confidence interval are reported. 
P-value is calculated for testing Kappa=0. Kappa <0.00 is poor; 0.00-0.20 slight; 0.21-0.40 
fair; 0.41-0.60 moderate; 0.61-0.80 substantial; 0.81-1.00 almost perfect.  * –  Kappa formula is 
not calculable, as 0 in numerator = undefined.  However, 1.0 + undefined = 1.0 
 
Overall, there was non-substantial (κ<0.61) (94) inter-rater agreement for the two 
diagnostic imaging modalities evaluated in the study, with MRI demonstrating fair 
agreement (κ=0.21; 95%CI:0.10-0.31; p< 0.001) and CBCT moderate agreement 
(κ=0.45; 95%CI:0.34-0.56; p<0.001) (Table 4a-e, Figure 16).  
Table 4a.  All Raters 
Measurement  Kappa 95% CI P-value 
CBCT 0.45 (moderate) (0.34, 0.56) <.0001 
MRI 0.21 (fair) (0.10, 0.31) <.0001 
 
Table 4b:  Excluding Rater A 
Measurement  Kappa 95% CI P-value 
CBCT 0.39 (fair) (0.24, 0.54) <.0001 
MRI 0.11 (slight) (-.03, 0.26)) 0.0651 
 
Table 4c:  Excluding Rater B 
Measurement  Kappa 95% CI P-value 
CBCT 0.43 (moderate) (0.28, 0.58) <.0001 
MRI 0.16 (slight) (0.01, 0.30) 0.0196 
 
Table 4d:  Excluding Rater C 
Measurement  Kappa 95% CI P-value 
CBCT 0.48 (moderate) (0.33, 0.63) <.0001 
MRI 0.11 (slight) (-.04, 0.26) 0.0794 
 
Table 4e:  Excluding Rater D 
Measurement  Kappa 95% CI P-value 
CBCT 0.51 (moderate) (0.36, 0.66) <.0001 
MRI 0.39 (fair) (0.24, 0.53) <.0001 
 
Table 4a-e. Inter-rater agreement. SAS macro % agree was used to calculate inter-rater 
agreement. Kappa statistics and its 95% confidence interval are reported. P-value was 
calculated for testing Kappa=0. 
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Figure 16. Inter-rater agreement. SAS macro % agree was used to calculate inter-rater 
agreement. Kappa statistics and its 95% confidence interval are reported. P-value was 
calculated for testing Kappa=0. 
 
 
Experimental Study 
Qualitative Results 
As an exploratory outcome, each rater was asked what 10 image-sets best 
demonstrated the ability for SWIFT MRI to detect radicular cracks and fractures. The top 
4 most-named images sets (i.e. teeth) were then selected (Figures 17-20). Rater’s free-
response comments were unanimous, selecting these images due to decreased presence or 
absence of artifacts associated with radio-dense filling materials and/or beam hardening 
artifacts. Therefore, these select image sets (Figures 17-20) represent the four best-case 
scenarios for detection of radicular cracks and fractures in the experimental image 
modality explored in this study (SWIFT MRI).  
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Figure 17a-e. Maxillary 1st premolar with mesial and distal cracks. Selected 
corresponding axial slices: SWIFT MRI (c) with notable absence of metal streak artifact 
from amalgam core restoration, and limited FOV CBCT (d) with severe metal streak and 
beam-hardening artifacts.  
a b 
c d 
Mesial Distal 
Mesial Mesial 
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Figure 18a-e. Maxillary 2nd molar with VRF progressing from lingual to buccal root 
surfaces. Selected corresponding axial slices: SWIFT MRI (c) with notable absence of 
artifact from radio-dense root filling materials, and limited FOV CBCT (d) with 
moderate, radio-dense root filling material-associated artifacts and beam-hardening 
artifacts. 
a b 
c d 
Lingual Buccal 
Buccal Buccal 
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Figure 19a-e. Mandibular 1st molar with a distal crack. Selected corresponding axial 
slices: SWIFT MRI (c) with notable absence of metal streak artifact from amalgam core, 
and limited FOV CBCT (d) with severe metal streak and beam-hardening artifacts. 
a b 
c d 
Mesial Distal 
Distal Distal 
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Figure 20a-e. Maxillary 1st molar with a distal crack. Selected corresponding axial slices: 
SWIFT MRI (c) with a high-contrast appearance of the distal crack, and limited FOV 
CBCT (d) with low-contrast appearance of the same distal crack. 
  
a b 
c d 
Mesial Distal 
Mesial Mesial 
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DISCUSSION 
One of the specific aims of this ex vivo study was to characterize the visual 
representations of tooth-root cracks/fractures in MR imaging. These visual features were 
utilized in the development of a novel MRI-based criteria for crack/fracture appearance 
within this alternate 3D imaging modality. In fulfilling this specific aim, future 
experimental research in this area can employ and further refine this criteria. At the time 
of thesis publication, no prior studies have outlined MRI-based criteria for discontinuities 
in tooth structure. Also of importance – Specific Aim 2 and 3 of the study – investigating 
the feasibility of the SWIFT MRI scans in detecting radicular cracks/fractures, by way of 
comparing rater reliabilities and corresponding sensitivity and specificity values to the 
current clinical standard, limited FOV CBCT (4). Tooth cracks/fractures have been an 
area of collective importance for several decades due to an increased prevalence 
associated with advancing patient age and improved clinical awareness by the treating 
clinician (51). Improvements in lifetime tooth retention have led to a growth in the 
number of patients presenting with a lengthier cumulative history of complex restorative, 
prosthetic and endodontic procedures that may pre-dispose the aging dentition to higher 
crack/fracture susceptibility (25,26). These physical discontinuities in radicular tooth 
structure allow ingress of oral irritants, such as salivary components, bacteria and 
chemical substances (100). Left unchecked, the persistence of crack/fracture biofilms 
may facilitate radicular pathosis that is recalcitrant to root canal treatment (38,39), likely 
resulting in progressive destruction of the periodontium (41).  
The clinical significance of tooth-root cracks and fractures is centered on those 
discontinuities that cannot be visualized definitively in the absence of invasive measures 
such as X-ray-based 3D CBCT imaging, direct visualization via non-surgical endodontic 
access or surgical flap reflection (7,8). Therefore, clinical dentistry is in need of a non-
invasive, efficient and accurate diagnostic method to better evaluate radicular fracture 
pathosis in attempts to establish a more predictable dental prognosis. The AAE has 
clearly made cracked tooth studies a top research priority (65), recently publishing 
guidelines for methodology to aid institutions, practice-based research networks and 
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practitioners in developing meaningful studies to appropriately gauge incidence and 
prevalence of root cracks or fractures in teeth (5). Other emerging diagnostic modalities 
such as Near-Infrared Range (NIR), Ultrasound, and Optical Coherence Tomography 
(OCT) are more directly applicable to identifying those discontinuities that are located in 
supra-gingival dental tissues and thus, have produced varying results in radicular 
crack/fracture detection (80–83). 
The results of the present study suggest education and training for both MR and 
CBCT imaging modalities is needed to improve reliabilities for the identification of 
tooth-root crack(s)/fracture(s). Irrespective of 3D imaging techniques used in the present 
study, inter-rater agreement was non-substantial (κ< 0.61) (94). Similarities between 
MRI and CBCT accuracy were also observed, with comparatively high specificity (0.83 
and 0.90, respectively) and poor sensitivity (0.59 and 0.59, respectively). Despite the 
advantages of increased contrast (19) and absence of artifact from radio-dense filling 
materials in MR imaging (86), comparable measures of sensitivity and specificity (with 
respect to CBCT) suggest MRI quality improvements are needed, specifically in image 
acquisition and post-processing parameters.  
Nearly half of the teeth (45%) included in the study contained root canal filling 
materials. Though, the influence of root canal filling material presence on rater-reliability 
or accuracy of crack/fracture detection in MRI and CBCT was not specifically evaluated 
in this research. Prior ex vivo studies have evaluated this potential affect in CBCT 
(93,98), noting decreases in specificity but with no significant decrease in overall 
accuracy. Dental CBCT has had periodic technological improvements that now allow 
smaller FOV, providing increased resolution while decreasing scan time and 
corresponding radiation dose (75). Aside from the presence of ionizing radiation, the 
potential for significant CBCT image artifact associated with coronal and radicular radio-
dense dental materials remains one of the primary shortcomings of this 3D image 
modality when attempting to evaluate neighboring structures – especially with larger 
FOV sizes (74,75). Interestingly, image artifacts from gold or amalgam restorations are 
notably absent in MRI (86). That finding was clearly demonstrated on multiple occasions 
in this study – including a near complete absence of radio-dense, material-associated 
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artifact when examining previously root-filled teeth that contained gutta-percha and 
endodontic sealer (Figures 17-20). This obvious advantage demonstrates the potential 
power of the SWIFT MRI technique in aiding tooth-root crack/fracture detection in 
commonly encountered clinical situations that involve previously root-filled teeth.  
In the present study, the inherent advantages of increased contrast (19) and 
absence of artifact from radio-dense filling materials in MR imaging (86) appeared to be 
countered in part by MR imaging error. This may be attributed to several factors that are 
likely related to image acquisition and image optimization parameters; currently no 
proprietary, commercially available, dental-specific MR image reconstruction software 
program exists to manage the projection data for construction of a 3D volumetric data set. 
Throughout the calibration and experimental study, projection data reconstruction was 
completed solely by an MRI physicist [DI] and a board-certified OMF radiologist [LG]. 
The major identified sources of dental-specific, MR-associated imaging error in 
the present study involve image focus and loss of image signal. Perhaps the largest of 
these errors lies in image focusing problems observed in the study. The resulting SWIFT 
MR images had a variable focus, meaning within the stack of axial DICOM image slices, 
differences between in-, and-out-of-focus images within each MR image set were 
observed. This focus issue was reflected in the language used to develop the MRI-based 
criteria for cracks/fractures: “1 or 2 usually sharply defined, high-signal (bright or white) 
line shapes, presenting as single entities, or parallel pairs in close proximity, or pairs in 
close proximity exhibiting convergence or divergence…”.  The “1 or 2…line shapes” 
described highlight the variable presentation of cracks/fractures (Figure 13). A blinded 
operator [DN], unaware of crack/fracture status, made a subjective determination of the 
single image focus plane that resulted in the overall, best focus for the radicular axial 
slices. This variable focus issue was identified as a significant shortcoming of the study. 
Improvements via software enhancements, such as auto-refocusing or user-adjusted 
focusing, could allow rater-review of in-focus images like that of proprietary CBCT 
software packages.   
Additionally, image drop-out or loss of image signal at the tooth apex was an 
often-reported rater issue in a post-study survey. Put simply, the signal to noise ratio 
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(SNR) is equal to the ratio of the average signal intensity over the standard deviation of 
noise (99). SNR is dependent on many parameters, however the observed image drop-out 
in this study was primarily due to the lack of homogenous signal intensity across the 
entire axial image stack. This graduated decrease in image value or brightness was due to 
physical limitations of the custom-built RF coil. The details of RF coil physics are 
complicated and thus beyond the scope of this paper. Following the study, researchers at 
UMN’s CMRR developed a new, custom-built RF intraoral apparatus for use in future 
research; improvements made to the earlier single-coil design include 3 additional coils, 1 
external to each cheek and 1 facial to the anterior dentition, to decrease loss of signal 
intensity at the tooth apex (Figure 21 – see Appendix VII)  
Outside of image acquisition and software enhancements, the preparation of 
DICOM axial image stacks for both imaging modalities could be improved. To restrict 
the raters’ review to radicular-only axial image slices for crack/fracture, the primary 
anatomic focus of the study, we elected to digitally crop the image to remove the crown. 
Every attempt was made to crop each tooth image set at the same location as outlined in 
the study design. However, we understand the limitations with this method as the 
cemento-enamel junction (CEJ) has both horizontal and vertical orientations that are not 
amenable to a strictly linear image cropping technique (Figure 11a,c). Tooth-root 
position within each glass vial was made near-vertical to the outside vial wall. Though, 
inconsistency in this positioning, as well as positioning in the scanners, may have 
contributed to an increase in variability within this digital cropping technique (Figure 
11c). If the tooth was positioned off-angle, linear cropping would result in potential 
absence of several axial image slices that contain radicular tooth structure, perhaps 
excluding known ground truth coronally position cracks from the experimental axial slice 
image sets (Figure 11b). Post-processing could be improved in future research by 
utilizing an image-editing software package that allows vertical tooth position changes 
and non-linear digital image cropping.  
The present study was designed to include an ex vivo tooth sample previously 
diagnosed by an experienced board-certified endodontist [AL] as having a non-restorable 
crack/fracture. We included these clinical-based samples with naturally occurring 
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cracks/fractures to aid in the development of an MRI-based criteria that would best 
represent what would be encountered clinically by diagnosticians. As a byproduct of 
obtaining such a sample, the study was slightly underpowered. Completion of the study 
with a larger convenience sample or directing future research to an artificially-induced 
crack/fracture model would allow higher sample sizes and the ability to explore other 
possible aims such as crack/fracture width or extent and the effect on MR imaging.  
Each MR image acquisition was completed with 10 teeth/scan, 5 teeth positioned 
superior, and 5 teeth inferior to RF coil due to space limitations encountered during 
mounting of the ex vivo sample in glass vials (Figures 10a-c). The smallest available 
vials that would accommodate a single human tooth were utilized to maintain tooth 
position, reduce tooth movement, and to maintain constant tooth moisture content that 
would best simulate the natural moisture in an oral cavity throughout the ex vivo scanning 
process.  
Limited FOV CBCT imaging was accomplished with 1 tooth/scan to reduce the 
potential for any confounding artifacts from radio-dense filling materials that would 
degrade image quality of the individual teeth during evaluation. Acquiring limited FOV 
CBCT images (at 0.076mm isotropic voxel size) in this fashion could be perceived as a 
limitation as it is not indicative of a typical clinical situation, and would thus produce 
near-mythical, and clinically-unattainable image quality with little noise. However, this 
was done purposefully to exclude possible metal streak artifact from a neighboring tooth 
and to serve both as an early, and intentionally challenging initial comparison test for the 
SWIFT MRI technique in tooth-root crack/fracture detection. Interestingly, despite this 
clinically unachievable and perhaps unrealistic CBCT image quality, the inter-rater 
reliability for limited FOV CBCT (κ=0.45; 95%CI:0.34-0.56; p<0.001) was only 
marginally better than SWIFT MRI (κ=0.21; 95%CI:0.10-0.31; p< 0.001); both 3D 
image modalities demonstrated non-substantial agreement (κ< 0.61) (94).  
The CBCT inter-rater agreement presented here was slightly higher than a 2014 
ex vivo study (κ=0.45 vs. κ= 0.33, respectively) that investigated a similar limited FOV 
CBCT unit by evaluating artificially induced, incomplete VRFs (17). However, that study 
evaluated both incomplete and complete VRFs, a designation that was not differentiated 
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in the present study. The specificity of CBCT in crack/fracture detection demonstrated in 
this study (0.90) was similar to a 2009 ex vivo study involving artificially induced VRFs 
(0.93),  (98) though sensitivity in the same study (0.79) was noticeably higher than noted 
in the present research (0.59). A 2011 clinically-based CBCT study (16) reported a higher 
sensitivity value (0.88 to 0.59), but a lower specificity value (0.75 to 0.90) when 
compared to this ex vivo study. These differences in reported CBCT sensitivities and 
specificities may be due to the variability in crack/fracture extent or completeness, which 
was not a measured outcome in this study.  
Similarities in accuracy and reliability among the two image modalities may be 
due to the types of fractures examined in this study. The experimental teeth were 
extracted after declaration of non-restorability following diagnosis of cracked tooth or 
VRF by an experienced, board-certified endodontist. It could be inferred that teeth 
designated for extraction due to diagnosis of crack/fracture would be expected to have an 
increased extent of physical discontinuity, that if true, may have nullified the enhanced 
resolving power of MRI noted in earlier research (19). The failure to measure the extent 
or width of crack(s)/fracture(s) may be seen as a shortcoming of the study. Future studies 
could be improved by incorporating MicroCT imaging as an accepted gold standard to 
assess both the presence and extent of cracks and/or fractures in the calibration sample 
(44). MicroCT imaging was not included in the present study due to limitations in 
laboratory funding and time constraints with the labor-intensive image reconstruction. If 
the understanding of crack/fracture width and/or extent as it relates to both visualization 
and image interpretation could be enhanced, a further optimized SWIFT MR imaging 
technique could conceivably be utilized as a novel diagnostic screening aid in the 
detection of early, asymptomatic radicular cracks/fractures. Identifying these 
discontinuities sooner could allow for more conservative, restorative-based treatments 
that may prevent the need for future dental extraction. 
Development of a new 3D imaging technology for dental applications is not 
without cost. One potential shortcoming of the utilization of MRI for dental-based 
applications involves reduced clinical acceptance due to cost-associated factors and 
physical space limitations. As a result, current medical-based MR systems are typically 
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limited to hospitals and major out-patient trauma centers. This could be seen as a barrier 
to further MRI development for dental-specific applications. However, one may realize 
the potential for future developments of dental-specific 3D imaging modalities by 
examining the historical developments of computed tomography (CT) in medicine and 
CBCT in dentistry.   
The early advancement of CBCT technology in the 1990s was primarily for the 
purposes of entering the dental office setting (75,101). Factors involved with the rapid 
incorporation of CBCT for dentistry include the availability of improved, rapid, and cost-
effective computer technology and the ability of software engineers to develop multiple 
dental imaging applications for CBCT with broad diagnostic capability (75). The physical 
size and shape of CBCT closely mirrored the path of panoramic imaging development 
(supine (102), to sit-down (103,104), to standing), standing being more preferable due to 
ease of patient transferal. In early CBCT development the FOV was fixed, with unit cost 
and size proportional to FOV size. Larger FOV sizes were limited in application and 
subjected the patient to higher radiation dosages, therefore exploration of smaller FOV 
sizes lead to the development of reduced CBCT scanner sizes (75).  
Smaller, more compact MRI scanning systems have already been developed. In 
2016 the Mayo Clinic unveiled a new, one-of-a-kind, compact 3T MRI scanner designed 
by General Electric (GE) in collaboration with a National Institutes of Health (NIH) 
Bioengineering Research Partnership between GE’s Global Research Center and Mayo 
Clinic. This new prototype magnet was designed for scanning of the head and smaller 
extremities and is therefore approximately one-third the size of conventional systems 
(105). The reduced scanner size allows for easier installation in space-constrained 
locations, a smaller electrical footprint that reduces scan times, and improved patient 
comfort. 
Regardless of the current MR unit size, several benefits exist that may warrant 
future use and development for specific dental applications. The benefits may include – 
but are not limited to – simultaneous, non-ionizing imaging of soft and calcified dental 
tissues with larger attainable FOV dimensions, without the fears of increased radiation 
exposure that exist in X-ray-based imaging modalities such as CBCT. Prior in vivo 
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research utilizing the custom-built intraoral RF coil used in this study has demonstrated 
the ability of SWIFT MRI to capture larger fields of view, including an entire natural 
adult dentition in a single 3.5-minute scan, free of metal streak artifact with many 
common non-ferrous dental materials (19). This is in contrast to CBCT radiographic 
imaging; larger FOV sizes generally lead to poorer image quality due to noise from large 
amounts of scattered ionizing radiation, increased presence of beam hardening and metal 
artifact (106).  
Despite current limitations and the early stage of technological development, the 
benefits offered, including: multiple available pathways to optimize MR imaging of teeth, 
absence of ionizing radiation, and the inherent advantages of increased contrast and 
absence of artifact from radio-dense materials – suggest there may be a use for SWIFT 
MRI in detecting cracks and fractures in teeth.  
 
Future Areas of Study 
The present research builds upon past studies and moves towards further 
optimization of SWIFT MRI for dental-associated applications to advance the 
understanding of clinically relevant dental problems such as detecting the presence of 
radicular cracks and fractures in teeth – the Specific Aims 2 and 3 of this study. Future 
applications would likely involve evaluating the minimum physical size of clinically 
relevant cracks/fractures that permits detection using the SWIFT MRI. If smaller 
cracks/fractures are able to be diagnosed with MRI, then it is conceivable that future in 
vivo studies could provide earlier detection, thus allowing avenues for employment of 
preventative restorative and prosthetic measures to halt crack propagation and the 
potential need for dental extraction. Future areas of MR-based dental research could also 
be devoted to dento-alveolar trauma cases to aid in the detection of trauma-based cracks 
and fractures in teeth. With minimal dental material associate-artifact and the ability to 
utilize dental MRI at clinically relevant scan times (e.g. 3.5 minutes), the increased FOV 
size could permit scanning of the entire dentition in a single scan at a hospital or trauma 
center – without the use of ionizing radiation. Additionally, the advantages of 
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simultaneous, 3D soft and hard-tissue visualization with MRI may allow both 
crack/fracture detection as well as assessment of pulpal blood flow in the potential 
determination of tooth vitality. Further image optimization enhancements and clinically-
based research studies involving MRI for dental applications may permit wider 
acceptance of this 3D imaging modality. With approval from the dental community, MR-
based technological advancements could allow future, in-office use of this non-ionizing 
3D imaging modality.  
 
CONCLUSION 
Education and training for both CBCT and MR imaging modalities is needed to 
improve reliabilities for the identification of tooth-root crack/fractures. Despite the 
advantages of increased contrast and absence of artifact from radio-dense materials in 
MRI, comparable measures of sensitivity and specificity (in relation to CBCT) suggest 
quality MRI improvements are needed, specifically in image acquisition and post-
processing parameters. Given the early stage of technology development and multiple 
available pathways to optimize MR imaging of teeth, there may be a use for SWIFT MRI 
in detecting cracks and fractures in teeth. 
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Appendix I 
 
Criteria for CBCT Crack/Fracture Presentation 
 
Existing criteria from previous studies from Youssefzadeh et al 1999 (85) and Hassan 
et al 2009 (98) regarding the detection of vertical root fractures by CBCT and CT were 
utilized and adapted to closely mirror the terminology stated in the previously agreed upon 
criteria for MRI crack presentation presented earlier in this study. 
 
1. A separation of the adjacent root segments on multiple contiguous image slices 
without the continuation of the hypo-attenuated line into the adjacent tissue (or water 
as was present in this ex vivo study design). This hypo-attenuated line must be 
observed within the confines of tooth structure, delineated by: 
a. External tooth surface: bounded by enamel, the external surface of dentin, or 
cemental tissue depending on the level of axial slice. 
b. Internal tooth surface: external extent of the pulpal cavity 
 
For purposes of this study, the physical discontinuity must have the following criteria to be 
given a designation of a crack/fracture. 
  
1. Hypo-attenuated line(s) must extend from the external boundary of the tooth to the 
pulpal cavity (or vice versa)* on multiple contiguous image slices.^ 
2. The overall contour of the external tooth surface and pulpal cavity must be 
maintained.** 
 
Explanation of stated criteria: 
A. *These	cracks	are	thought	to	be	clinically	significant.		
B. ^The	criteria	of	multiple	image	slices	allow	for	detection	of	an	angled	
crack.	
C. **To	prevent	gross	root	discontinuities	from	mistakenly	being	classified	
as	a	crack.	
 
Furthermore, it is important to differentiate cracks/fractures from other commonly 
encountered pathologic changes in tooth morphology that may be observed in CBCT, and 
to rule out artifact and possible false positive identification. The following entities should 
be differentiated from cracks/fractures: 
 
• Cases with metallic restorations or root fillings that usually exhibit multiple streak 
artifacts that traversed the root and adjacent tissue. 
• Aberrations in dental anatomy or morphology which may include 
o Accessory, lateral or secondary pulp canal(s) 
o Canal ramifications 
• Physiologic or pathologic processes which may include 
o Root Resorption (Inflammatory, Replacement, Surface, Cervical, External, 
Internal) 
o Caries  
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Appendix II 
Training and Calibration Exercise Instructions 
 1. Please	review	the	criteria	for	MRI	and	CBCT	crack/fracture	presentation	documents	prior	to	starting	the	image	review	(see	attached	documents	in	digital	folder).	
• You	are	encouraged	to	reference	these	documents	while	reviewing	the	images.	
 2. Items	to	keep	in	mind	for	the	study:	
• The	images	have	been	pre-cropped/edited	to	include	the	entire	root	
segment	(CEJ	to	apex).			i. Interpret	ALL	the	available	slices	in	each	DICOM	image	file	–	i.e.	the	whole	visible	image	as	you	see	it,	then	make	the	determination	if	the	image	appearance	is	consistent	with	crack	/	fracture.	
• For	each	image:	i. Note	the	single	slice	#	that	allows	best	visualization	of	the	
crack/fracture	–	then	draw	this	representation	in	a	crude	drawing	of	what	you	see	on	the	screen	
ii. Note	the	crack	slice	range	#s	of	where	the	best	visualized	
crack/fracture	starts	and	stops.	iii. OPTIONAL	Free	Response:		note	any	questions,	concerns,	artifact	observed,	etc.	When	possible,	give	the	slice	#	as	a	reference	
• Fatigue:	i. Observers	will	self-determine	their	level	of	fatigue	throughout	the	study.		If	you	feel	fatigued,	please	take	a	break	at	any	time.	Do	not	continue	when	fatigued.	ii. General	Guidelines:	
1. When	possible,	image	review	periods	should	not	exceed	60	
continuous	minutes	without	a	break.			2. A	suggested	break	would	be	1hr	time	lapse	between	image	review	sessions	3. Take	as	much	time	as	needed,	there	are	no	time	limits.	
• Questions:	i. Assistance	or	clarification	can	be	requested	at	any	time.		
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Appendix III 
Instructions for Opening and Viewing MRI and CBCT Images 
 
Location – 7th Floor Radiology Clinic, Moos Tower 7-234 
Each of the 8 computer works stations should have all necessary software preloaded 
 
 
1st – Locate and open the DICOM software and Experimental Study Image Files: 
 
1. Locate and open the RadiAnt DICOM Viewer 64-bit program (denoted by “R A” green and 
white square logo as seen on the right) 
o IMPORTANT – each station has dual monitors, use the LEFT monitor for image 
viewing.  The right monitor can be used for file management. 
 
2. Locate the desktop folder titled:  “Experimental Study Images” 
o Images #s 1 - 140 should be displayed. 
o Click to select the desired image number you would like to review. 
o Once selected, simply drag and drop anywhere into the RadiAnt program window 
you have running on your desktop. The selected image should now be open and ready 
for manipulation and interpretation. 
o Each successive image can simply be dragged and dropped into the RadiAnt program 
window.  It will automatically overlay over your past image; therefore you do not 
need to close a previous image file to view a new one. 
 
 
2nd – Once the file is open in the RadiAnt DICOM viewer, the image can be manipulated 
via basic software commands and controls as follows. 
 
RadiAnt DICOM Viewer (64-bit) Tutorial 
 
• OVERVIEW:  Basic RadiAnt User Controls Review 
o http://www.radiantviewer.com/dicom-viewer-manual/  
 
• Turning Image Notations Off: 
o Turn off by selecting the “A” in the menu screen, this will provide the image only to 
minimize distraction while reviewing. 
                  
 
• “Full Dynamic Window”:  Using the preset image contrast auto-enhance  
o Image contrast can be auto-enhanced by using the preset “Full Dynamic Window” 
setting (pixel with the lowest value is displayed as black, whereas pixel with the 
highest value is displayed as white).  
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o NOTE:  For best use of this feature, first browse the image (see instructions below) to 
a slice that shows visible tooth structure, usually moving the scroll bar ¾ of the way 
down works, THEN select “Full Dynamic Window” to auto-enhance the contrast.  
Brightness and contrast can be continually changed to the observer’s preference even 
after applying the “Full Dynamic Window” preset. 
o If the tooth structure is not observed on any slice:  proceed to pick a slice near the 
middle of the stack and next change the brightness and contrast (instructions below) 
to allow visualization of the tooth. In some instances the contrast may have to be 
lowered substantially to view the tooth.  After visualization of tooth, THEN select 
“Full Dynamic Window” to auto-enhance.  Brightness and contrast can be 
continually changed to the observer’s preference even after applying the “Full 
Dynamic Window” preset. 
 
 
• Browsing Images: 
There are several different ways of paging through the images of the series: 
  
Click the  Browse series  button on the toolbar (or press the  B  key). Next, press the left mouse button over 
the image, and drag the mouse up or down to browse a series in both directions. 
  
 
  
Turn the mouse wheel while the cursor hovers over the panel with the image.  
Use the scrollbar on the right side of the panel.  
Press the  Up Arrow  or  Down Arrow  on the keyboard to return to the previous image, or move on to the 
next. 
Press  Page Up  or  Page Down  to move 10 images backward or forward.  
o 6. On a multi-touch device, touch the image with one finger and drag it up or down. (The tool 
must be associated with the left mouse button - if it is not, touch the "Browse series" tool 
button.) 
 
• Changing Brightness and Contrast: 
Click the  Adjust image window  button on the toolbar (or press the  W  key). 
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Next, press the left mouse button over the image and drag the mouse to change brightness (window level - 
WL), or contrast (window width - WW): 
  
•Up to decrease brightness (window level goes up) 
•Down to increase brightness (window level goes down) 
  
•Left to increase contrast (window width shrinks) 
•Right to decrease contrast (window width expands) 
 
 
• Image Zooming 
Click the  Zoom image  button on the toolbar (or press the  Z  key). 
  
 
  
Next, press left mouse button over the image and drag the mouse Up to zoom in or Down to zoom out. 
  
o By default, the zooming tool is associated with the right mouse button. 
 
 
• Image Panning 
When an image is zoomed in, panning can be used to reveal areas lying outside the viewing panel. 
Click the  Pan image  button on the toolbar (or press the  M  key). 
  
 
  
Next, press the left mouse button over the image and drag the mouse to move image around the screen. 
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Appendix IV 
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Appendix V – Raw Study Data 
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Appendix VI 
Key for Interpreting Raw Study Data (in Appendix VII) 
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Appendix VII 
 
 
 
Figure 21. Newly-designed, custom-built, intra-oral/extra-oral coil developed at UMN’s 
CMRR following completion of the experimental phase; this coil was not utilized in the 
current study, but will be utilized in future studies (coil design and figure courtesy of 
[DI]). 
 
 
  
 
